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Abstract 

Increasing production in agriculture and management of waste generated from agriculture are 

two interrelated problems facing the agricultural sector. To manage these problems, 

conversion of agricultural waste into biochar for soil fertility improvement is a practical 

solution. In this work, chemical composition of biochar produced from rice husk and 

sugarcane bagasse, two predominant waste commonly generated from agriculture were 

studied. These wastes were pyrolyzed at 300  700oC and 350  700oC for rice husk biochar 

(RHB) and sugarcane bagasse biochar (SBB) respectively. A pot experiment was conducted 

in an experimental glasshouse to investigate how change in nutrient composition of rice husk 

(pyrolyzed at 300oC  700oC) one of the agricultural wastes with high soil amendment 

potential could influence rice plant agronomic parameters, soil available silicon and plant 

silicon uptake. Also, another pot experiment was conducted to investigate the effect rice husk 

biochar (RHB) and sugarcane bagasse biochar (SBB) on improving the soil fertility status as 

well as rice plant nutrient uptake. The experimental units were replicated three times and 

arranged in a complete randomized design. The result of the biochar pyrolysis showed that 

biochar yield and total nitrogen decreased with increasing pyrolysis temperature while ash 

content, pH, EC, total carbon, extractable Ca, Mg, Na, available phosphorus and silica were 

increased. In RHB, extractable K showed increase with increasing pyrolysis temperature, 

while in SBB it decreased with its maximum observed in RHB at 700oC. The pot experiment 

indicated that the RHB and SBB treatments did not have much influence on the plant 

agronomic parameters evaluated in this experiment. The result obtained from post harvest 

soil available silicon analysis with RHB treatments revealed that the soil available silicon 

could be improved or at least be maintained with RHB treatments. RHB at 400oC 

significantly (p < 0.05) increased the soil available silicon by 61% compared to the original 

content (93.8 mg SiO2 pot-1) of the used soil. The RHB treatments increased soil Si 



 

 iii    
 

availability for rice growth through the increment of plant Si uptake and soil available Si 

against the control. The highest increment against the control during the cropping season was 

found on pot amended with RHB at 500oC (455.9 mg SiO2 pot-1). Subsequently from the pot 

experiment, it was observed that the addition of RHB and SBB can improve nutrient uptake 

but in relation to pyrolysis temperature no specific trend was observed. Finally, in this study 

it could be concluded that RHB pyrolyzed at high temperature may produce nutrient rich 

biochar with high nutrient content which can ameliorate acidic soils. In relation to available 

silicon, this study supports the application of RHB as Si releasing agent to increase plant 

available Si in the soil and thus, improve rice plant health. 
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Chapter 1 

  General Introduction 

 

1.1 Current situation of rice production in Sub-Saharan African 

Rice is the most important staple food because it supports more than half of the world s 

population (Muthayya et al. 2014). In Sub Saharan Africa (SSA), it constitutes a major part of 

the diet (FAO, 1996). In the past three decades, rice demand in SSA has consistently 

increased due to population growth (4% per annum), rising income and a shift in consumer 

preferences in favor of rice, especially in urban areas (Sohl, 2005; Balasubramanian et al., 

2007). Rice production in SSA between the years 2001  2005 expanded at the rate of 6% per 

annum. However, 70% of the production increase was mainly due to land expansion while 

only 30% of the increment was attributed to increase in productivity (Conteh et al. 2012; 

AfricaRice, 2013). Recently, rough rice production increased by 55% from 17.03 metric 

tonnes in 2008 to 26.31 metric tonnes in 2018 (AfricaRice, 2018). The increase was also 

mainly due to rice area expansion. Despite the recent increase, the rate of expansion is still 

minimal to cope with the rate of consumption. Global trend has shown that there is a growing 

import demand for rice in Africa. In 2006, Afri

imports (Somado et al 2008) which continues to increase. Recently, according to AfricaRice 

2018, rice import has increased to 45% from 7.3 metric tonnes to 16 metric tonnes with a 

2018 estimated import bill of US$ 6.4 billion. 

 

1.2 Challenges facing rice production in Sub-Saharan Africa and possible solutions 

The potential arable land in Africa is 637 million hectares (Okigbo, 1982) and about 68% of 

the total area is in reserves. Africa therefore has great potential for expanding its agricultural 

production in general and rice in particular. Despite the existing area expansion, SSA rice 
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yields have been the lowest in the world. For example, during 2014-2016, the average yield 

for SSA was around 2.1 tons per hectare, compared to the global average of around 4.4 tons 

per hectare (O'Donoghue and Hansen 2017). However, a number of constraints have been 

identified as limiting rice production efforts by farmers in Africa. These include 

unavailability of simple and cheap farm implements, pest and disease management, research, 

soil fertility management and many others. Pest and disease are important natural factors 

limiting the production of rice and in severe cases, they account for 100 percent of crop loss 

(Singh et al. 1997). Again, with regards to soil fertility management, improper and long-term 

use of inorganic fertilizers is detrimental to soil (Imolehin and Wada 2000). However, rice 

plant has a critical need for fertilizer especially silicate fertilizer to increase production and 

sustainability. Rice farmers in Sub-Saharan Africa with Nigeria inclusive are unaware of the 

importance of this type of fertilizer in terms of the types and the rate of application. Research 

therefore, should focus on the use of alternative source which is also environmental friendly 

to stand in gap for the inorganic fertilizers that are not readily available or affordable to the 

resource poor rice farmers in SSA. 

 

1.3 Silicon as a beneficial element for rice production  

Undoubtedly, silicon is an indispensable element for sustainable rice production. However, 

the processes which control Si availability in soil remain rather understudied. Aside from 

understanding the processes involved in its availability, the most noticeable beneficial effect 

of Si is on enhanced resistance to both biotic and abiotic stress. High Si accumulation, 

according to Datnoff and Rodrigues (2005) enhances resistance of rice plants to biotic stress 

such as disease caused by both fungi and bacteria (rice blast, sheath blight and gray leaf spot). 

Also high Si accumulation enhances rice plant resistance to insect pest such as stem borers, 

brown plant hoppers and rice green leafhoppers (Sakamoto 1958; Savant et al 1997). High Si 
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accumulation also increases rice plant resistance to abiotic stresses such as chemical stress 

(salt, metal toxicity, nutrient imbalance) and physical stress (lodging, drought, radiation, high 

temperature, freezing, UV) (Epstein 1994; Savant et al 1997; Ma and Takahashi 2002; Ma 

2004; Ma and Yamaji 2006). In addition, high Si accumulation increases the canopy 

photosynthesis by keeping the leaf blade erect and thereby improving light interception 

characteristics (Takahashi, 1961). 

 

 

           

          Figure 1.1: Beneficial effect of silicon on plant resistance to blast disease (biotic stress) 

                              (Modified from Yan et al 2017) 
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1.4 Biochar: A solution to waste management challenges in Sub-Saharan Africa 

The current population of Africa is 1,300,205,252 as of Monday, November 26, 2018, based 

on the latest United Nations estimates. Africa s population is equivalent to 16.64% of the 

total world population and rank second among regions of the world by population. The 

population of sub-Sahara Africa on the other hand has grown from 186 million to 856 million 

people from 1950-2010. This implies about 11 million people a year for the past 60 years or 

approximately 670 million people in 60 years. By 2060, the population of Sub-Sahara Africa 

projection of a declining population from 738 million people in 2010 to 702 million in 2060. 

Nigeria, Ethiopia, Tanzania, Democratic Republic of Congo, Niger, Zambia, and Uganda are 

projected to contribute millions of people to the world total. Along with China and India, 

these countries will have the largest populations in the world. In order to sustain the food 

requirement for the present and projected population, there is a direct need for increase in 

food production. Increased food production increase means enhanced agricultural practices. 

As food production increases, waste generated from food production increases (Walsh et al. 

2000). It has been reported that about 140 billion metric tonnes of waste biomass are solely 

generated globally from agricultural activities every year (UNEP 2009). Rice husk is one of 

the most widely available agricultural wastes in many rice producing countries of the world 

and has about 20 - 23% by weight of the entire paddy processed (Kumar et al. 2013; Giddel 

and Jivan 2007). In Nigeria, for example, an estimated amount of about 1.03 metric tonnes of 

rice husk are generated annually (NAERLS/PCU 2004). 

Sugarcane bagasse, a fibrous residual material derived from sugarcane after extracting its 

juice, is also a common agricultural waste. Traditionally, the sugar mill bagasse is used as 

fuel in steam production for the milling process and electricity generation. For instance, in 

Nigeria, recent records indicate that an estimated 1.06 million tonnes of sugarcane were 
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produced out of which about 30% of bagasse residue was generated by sugarcane processed 

in the mill (FAOSTAT 2014). Not all bagasse produced are used, a substantial amount are 

left unused for the remainder of the year. The conversion of these wastes into biochar and 

returning it to fields is a potentially valuable agricultural practice that positively affects the 

physical and chemical properties of the soil as well as reduce greenhouse gas (CO2,CH4and 

N2O) emissions (Lehmann and Joseph, 2009; Spokas et al., 2009).It will also improve the 

microbial health of soil. It is an approach that will benefit agriculture, the economy and the 

environment (Meng et al., 2010) hence, a trilogy of benefits. 

 

1.5 Objective of study 

The impact of biochar incorporation on soil properties is the object of numerous publications 

in Sub Saharan Africa (SSA) but its potential ability to enrich the soil available silicon has 

not been subjected to enough scientific research. This is quite surprising given that there is 

strong evidence on risk of Si deficiency, a threat posed by the highly weathered soil scattered 

all over the Sub-Saharan Africa (Tsujimoto et al., 2014). Farmers in SSA have difficulty in 

accessing fertilizer especially the silicate fertilizer. The use of organic waste could be an 

alternate way to source for Silicon. In SSA many organic waste are left unused. This waste 

can be returned to the soil; it can be converted to mulches or biochar and applied to the soil. 

In all biochar is the best alternative. This is because biochar is stable; it poses less danger to 

the environment and the process of its formation concentrate plant nutrient. Also it is a 

known fact that application of mulches, composts, and manures have positive effect in 

enhancing soil fertility, but organic matter is usually mineralized very rapidly under tropical 

conditions (Tiessen et al., 1994). Thus, only a small portion of the applied organic 

compounds will be stabilized in the soil in the long term given that most will be released back 

to the atmosphere as CO2 (Bol et al., 2000; Fearnside, 2000). An alternative to organic 
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amendments is the use of a more stable carbon compounds such as carbonized materials 

(biochar) or their extracts. Based on these, this study was conducted to:  

1. Evaluate the changes in nutrient composition of biochar from rice husk and sugarcane 

bagasse at varying pyrolytic temperatures. 

2. Evaluate the potential effect of pyrolyzed rice husk residue on improving soil 

available silicon, plant silicon uptake, rice growth and yield parameters. 

3. Evaluate the roles of rice husk and sugarcane bagasse biochar on improving the 

fertility status of the soil. 
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Chapter 2 

Change in nutrient composition of biochar from rice husk and sugarcane bagasse at 

varying pyrolytic temperatures 

 

2.1 Introduction 

Biochar a carbon rich and porous substance produced by thermal decomposition of biomass 

under oxygen-limited and relatively low temperature (< 700oC) conditions, is receiving great 

research attention (Lehmann and Joseph 2009). This is due to its potential importance in 

agronomy and environment. Application of biochar on soil has been shown to have a clear 

effect on improving soil fertility, crop production and on decontamination of pollutants such 

as pesticides, heavy metals and hydrocarbon (Beesley et al. 2011; Cabrera et al. 2011). 

According to Lehmann et al. (2011), physico-chemical properties of biochar can cause 

changes in the soil nutrient and C availability, and also provide physical protection to 

microorganisms against predators and desiccation. The type of biomass from which biochar 

is produced is another important factor. This is because its properties are affected by the 

nature of the original material. For instance, biochar from manure source posses higher soil 

cation exchange capacity than that from wood source (Singh et al. 2010). Again, treating soil 

with woodchip biochar results in higher saturated hydraulic conductivities than with manure 

based biochar (Lei and Zhang 2013).  

 

There has been a growing interest in the creation of recycling society in which waste are 

steadily reduced. The technology that is used to produce biochar from waste started in 

antiquity but recently there is a growing interest on pyrolysis. This is because it is seen as an 

effective process for converting biomass into resources. The process of pyrolysis concentrates 

plant nutrients such as phosphorus, potassium, calcium, magnesium and sodium as heating 
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temperature increases (Camps-Arbestain et al. 2015). Consequently, research has proven that 

even with the concentration of nutrients, percentage retention of alkaline earth metals is 

higher as opposed to the alkali metals. However, the release and retention of divalent alkaline 

earth metals are of great importance when biochar acts as a soil amendment (Okuno et al. 

2005).  Nitrogen is among the most important nutrient required for plant growth. During 

pyrolysis some forms of nitrogen are lost. This is because N containing organic materials 

when exposed to high temperature, lead to the enrichment of the heterocyclic form of N such 

as pyrrole  type N with a decrease in amide N (Kincker and Hatcher 1997). According to 

Almendros et al. (2003), the microbial decomposition of the enriched N compounds is 

relatively recalcitrant which limit the conversion of these compounds to plant available form 

of N. Hongguang et al. (2017), also explained the importance of these enriched heterocyclic 

N compounds when he observed significant decrease on nitrogen loss from 109.6 mg kg-1 

(0.01%) to 53.3 mg kg-1 (0.005%)  in relation to increase in temperature on soils amended 

with biochar pyrolyzed at different temperatures (250oC, 350oC, 450oC and 550oC).  

 

However, there is limited information on how different sources of biomass as well as 

pyrolysis temperature could influence the efficiency of applied biochar on improving soil 

sustainability and crop productivity. Since the use of biochar to ameliorate the soil physical 

properties for instance porosity (Van Zwieten et al. 2009) and chemical properties for 

instance chelating nutrients (Kudeyarova 2007) is a function of biomass and pyrolysis 

conditions as well as quantity (Kammann et al. 2011). Therefore, there is need to study the 

changes in chemical composition of biochar in relation to pyrolysis temperature. In this study, 

we tend to control the chemical composition of biochar by investigating different pyrolysis 

temperatures and agricultural wastes used as biomass. To achieve this aim, the chemical 

properties of biochar of rice husk at different temperature (300oC - 700oC) using continuous 
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and plant-size carbonizer and sugarcane bagasse at different temperature (350oC-700oC) 

using batch-type carbonizer were evaluated.    

 

2.2 Materials and Methods 

2.2.1 Biochar production  

The biochar used in this work were obtained from two agricultural waste residue; rice husk 

(Oryza sativa L.) and sugarcane bagasse (Saccharum officinarum L.). All the materials were 

first air dried and the sugarcane bagasse was cut into smaller pieces (less than 4  5cm). Then 

10 kg of samples were inserted into experimental electric furnace and pilot batch type 

carbonizer (Meiwa Co. Ltd. Kanazawa) for 10 min after the inside chamber reached the target 

temperature.  

 

 

 

 

 

 

 

 

 

Figure 2.1: Agricultural waste biomass used for biochar production 
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                     Figure 2.2: Image of crushed sample of biochar 

 

2.2.2 Biochar chemical composition characterization 

 Prior to pyrolysis, the original biomass were analyzed for its chemical composition 

(Table 2.1). All samples were ground to 0.5 mm in diameter using manual agate mortar and 

pestle after the pyrolysis process. The biochar yield was calculated as the proportion of the 

weight of product to the original material. Ash content determination was conducted 

according to the American Society for Testing and Materials D1752-84. The ash content was 

thus determined by measuring the weight loss that follows the combustion of about 1g of 

biochar in a crucible at 750oC after 3 hours. The pH and EC of biochar were measured in 

1:20 w/v biochar  water extracts using pH and EC meters (Models D-15 and D-24 Horiba, 

Kyoto Japan, respectively) (modification in ratio from Ahmedna et al. 1997). Total carbon 

and nitrogen were determined by dry combustion method using automatic high sensitive NC 

analyzer (Model Sumigraph NC  22 Analyzer, Tokyo Japan). Total base cations: Ca, K, Mg 

and Na were determined after digestion of 0.05 g of biochar with HNO3 at 160oC for 5 hours 

using Teflon vessel and measured by Inductively Coupled Plasma Spectroscopy (Model 

Sugarcane bagasse 
biochar 

Rice husk 
biochar 
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ICPE  9000, Shimadzu Kyoto Japan). Available P was extracted by NaHCO3 and was 

determined by molybdenum blue method according to Olsen and Sommer (1982).  

 

Extractable Ca, K, Mg and Na, which consists of water soluble and ionically exchangeable 

fractions, were extracted by shaking for 1 hour 0.2 g of biochar in 20 mls of neutral 

CH3COONH4 and quantified on Inductively Coupled Plasma Spectroscopy (Model ICPE  

9000, Shimadzu Kyoto Japan). Available silica from the biochar was extracted using 0.01M 

CaCl2 (1:30 ratio, continuous shaking for 16 hours, filter) (modification in ratio from Haysom 

and Chapman 1975), 0.5M HCl (1:50 ratio, shake for 1 hour, filter) (modification in ratio 

from Savent et al. 1999) and 0.1M Citric acid (1:50 ratio, shake for 2 hours, allow to stay 

overnight then shake for 1 hour, filter) (Acquaye and Tinsley 1964). Silicon concentrations 

from the supernatant were determined by molybdenum blue method and measured with 

spectrophotometer (Model UV 1800, Shimadzu Kyoto Japan) at wavelength of 810 nm.  

 

2.2.3 Statistical analysis 

The data was subjected to analysis of variance (ANOVA) using IBM package SPSS 20 while 

0.05).The available P graphs were plotted using Microsoft excel 2007 
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Table 2.1: Selected chemical properties of the original biomass prior to pyrolysis 

Analyzed Parameters                             Biomass 

 Rice Husk  Sugarcane Bagasse  

pH 6.5 5.1 

EC 0.33 0.32 

Ash Content (%) 11.5 4.0 

Available Phosphorus (P2O5 mg kg-1) 605 1167 

Available Silica (SiO2 mg kg-1)   

0.1M Citric acid 295 398 

0.5M HCl 109 145 

0.1M CaCl2 1004 753 

Total Carbon (g kg-1) 410.9 460.5 

Total Nitrogen (g kg-1) 2.7 2.7 

Total Calcium (mg kg-1) 509 1300 

Total Magnesium (mg kg-1) 222 518 

Total Potassium (mg kg-1) 2397 1939 

Total Sodium (mg kg-1) 636 512 

EC: Electrical Conductivity (dS m-1) 

 

2.3 Results and Discussion    

2.3.1 Yield, chemical and elemental properties 

Table 2.2 summarized the chemical and elemental properties of RHB and SBB. As pyrolysis 

temperature increases, the yield of biochar from both rice husk and sugarcane bagasse 

decreased from 55% to 35% and from 27% to 22% respectively. This was as a result of 

further disintegration of pyrolytic volatiles into low molecular weight organics and gases as 

heat passes through the biomass (Thangalazhy- Gapakumar et al. 2010). The relative ash 

content derived from different temperature ranges in the two biomass; increases significantly 

(p< 0.05) as the pyrolysis temperature increased from 21.8  35.6% and 11.0  12.8% in 

RHB and SBB, respectively. The ash content was higher in RHB. This was as a result of rich 
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silica content found in rice plants, which relates strongly with the ash content in the biochar 

(Mukome et al. 2013).  The increase could also be attributed to the progressive concentration 

of minerals and destructive volatilization of lingo-cellulosic matters as heat passes through 

the biomass (Tsai et al. 2012; Cao and Harris 2010).  

 

The pH values of RHB and SBB ranged from 6.8 to 10.7 and 7.8 to 9.7 respectively (Table 

2.2). The pH of the two biochars increased significantly (p< 0.05) with increasing pyrolysis 

temperature and the maximum (10.7) was observed in RHB at 700oC. This could be 

attributed to higher ash content at higher temperature and also due to hydrolysis of salts of Ca, 

K and Mg as the pyrolysis temperature increases (Gaskin et al. 2008).  The electrical 

conductivity (EC) which estimates the amount of total dissolved salts or the total amount of 

dissolved ions in the biochar varied from 0.09 to 0.40 dS m-1 and 0.11 to 0.21 dS m-1 in RHB 

and SBB respectively (Table 2.2). The EC of the RHB and SBB increased significantly (p< 

0.05) with increasing pyrolysis temperature and the highest EC (0.40 dS m-1) was observed in 

RHB at 700oC.  The increase was likely due to loss of volatile materials as temperature 

increases while promoting the relative concentrations of salts in the ash fraction (Gai et al. 

2014; Ding et al. 2010). 

 

The elemental composition of the RHB and SBB was also presented on Table 2.2. The 

carbon content ranged from 512.9 to 560.6 g kg-1 and from 693.4 to 729.5 g kg-1 in RHB and 

SBB respectively. The maximum (729.5 g kg-1) was observed in SBB at 500oC. The 

pyrolysis temperature promotes carbonization (Chun et al. 2004; Chen et al. 2012). This 

promotion was due to high degree of polymerization leading to more condensed carbon 

structure in the biochar (Lehmann and Joseph 2009). The increase in carbon content could 
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also be associated with H and O loss from biochar as the pyrolysis temperature increases 

(Antal and Gronli 2003). Total nitrogen content was found to decrease with increased 

pyrolysis temperature from 4.9 to 3.6 g kg-1 and from 6.0 to 3.8 g kg-1 in RHB and SBB 

respectively (Table 2.2). This is because when plant biomass are subjected to pyrolysis, tend 

to loss some of its nitrogen content and also some N containing structures, ie. amino sugars, 

amino acids and amines, which are part of nitrogen transformed into heterocyclic N aromatic 

structures (Cao and Harris 2010; Koutcheiko et al. 2006). This implies that nitrogen will not 

be available to plants on the immediate but will be released with passage of time. 
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2.3.2 Base nutrient composition  

Though there was an increase in the total concentration of base elements, there was no 

specific trend with increase in pyrolysis temperature (Table 2.3). They ranged from K (3105 

to 4211 mg kg-1 and 3753 to 4711 mg kg-1), Ca (1012 to 1619 mg kg-1 and 1922 to 3844 mg 

kg-1), Mg (522 to 864 mg kg-1 and 905 to 1711 mg kg-1) and Na (509 to 1629 mg kg-1 and 

1203 to 2660 mg kg-1) in RHB and SBB, respectively. The overall maximum K (4711 mg kg-

1 at 350oC), Ca (3844 mg kg-1 at 400oC), Mg (1711 mg kg-1 at 350oC) and Na (2660 mg kg-1at 

350oC) were all observed in SBB. The increase found in total base elements after pyrolysis of 

the original biomass is an indication that the relevant chemical components were 

concentrated in biochar as heat passed through the crop residues (Yuan et al. 2011). The loss 

of volatile compounds of the original materials after thermal degradation yielded the 

remaining nutrient content in the biochars (Amonette and Joseph 2009; Chan and Xu 2009).  

 

Pyrolysis significantly altered the extractable nutrient elements in both RHB and SBB at p< 

0.05. Although, the extractable Na in SBB showed no significant difference, a change in its 

composition was observed with increasing pyrolysis temperature (Table 2.3). The extractable 

K and Mg of RHB increased with increasing pyrolysis temperature while extractable Ca and 

Na showed no specific trend. They ranged from K (165 to 684 mg kg-1), Ca (67 to 103 mg kg-

1), Mg (16 to 29 mg kg-1) and Na (21 to 38 mg kg-1). In SBB, the extractable K (Table 2.3) 

decreased significantly with increasing pyrolysis temperature from 396 to 251 mg kg-1 while 

extractable Mg, Ca and Na decreased from 350oC (18 mg kg-1, 170 mg kg-1 and 26 mg kg-1) 

to 600oC (13 mg kg-1, 137 mg kg-1 and 22 mg kg-1) and afterward an increase was observed at 

700oC (16 mg kg-1, 180 mg kg-1and 24 mg kg-1). The overall maximum Ca (180 mg kg-1) was 

observed in SBB at 700oC while maximum K (684 mg kg-1), Mg (29.0 mg kg-1) and Na (38 

mg kg-1) were observed in RHB at 700oC. Extractable K data obtained indicate that for K 
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release, higher temperature is required. This is because as heat passes through the biomass 

during combustion, they tend to induce higher effective reaction temperature. This leads to 

increase in vapor pressure and the convective flux of KCl (Johansen et al. 2011). At higher 

temperature in RHB, sublimated KCl was not volatilized but rather combines with silicate to 

form potassium silicate (Muthadhi et al. 2007). In SBB, a decrease in extractable K was 

observed with increasing pyrolysis temperature, which could be as a result of higher 

diffusional resistance during devolatilization due to still intact organic matrix as heat passes 

through the biomass. (Van Lith et al. 2008). 
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2.3.3 Available phosphorous   

In RHB, phosphorous availability significantly increased (225 mg kg-1 to 1842 mg kg-1) with 

increasing pyrolysis temperature at p< 0.05, (Figure 2.3). Though SBB is statistically 

significant at P < 0.05, it was found to have irregular trend with increasing pyrolysis 

temperature (Figure 2. 4). In biochar, its P content is a function of the type of biomass and 

pyrolysis condition (Downie et al. 2009). Generally, charring enhances P availability from 

plant tissue. This is because with combustion, there is disproportionate volatilization of 

carbon which leads to cleavage of organic phosphorus bonds and hence yields biochar with 

high soluble phosphorus salts (Knoepp et al. 2005). This was in line with the continuous 

increase of available P observed in RHB with increasing pyrolysis temperature. In sugarcane 

bagasse biochar the trend of the phosphorus bioavailability was not specific. Part of the 

reason might be because cation-phosphate complexes which exist in biochar strongly 

influence phosphorus reactivity and bioavailability (Hunger et al. 2008; Güngör et al. 2007). 

In this study, data obtained suggest that there is every possibility that Ca/Mg-P complexes 

dominated P availability. Again, the change might be because diverse forms of organic 

phosphorus (OP) have diverse levels of mobility. For instance, the OP bond to organic matter 

containing abundance of O-alkyl groups (e.g., phytic acid) is more labile than those 

containing ample refractory alkyl and aromatic carbon groups (e.g., nucleic acid and 

phospholipid) (Hamdan et al. 2012). Hence, the production of biochar can alter the fate of P 

by changing the form of P in agricultural residues.  
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Figure 2.3: Available phosphorus (Olsen P) concentration of rice husk biochar (RHB) 

 

 
Figure 2.4: Available phosphorus (Olsen P) concentration of sugarcane bagasse biochar 

(SBB) 

Note: For each material (RHB and SBB), the different alphabet in a bar showed statistical 
difference (p< 0.05).    
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2.3.4 Available silicon  

Available silicon of the biomass at P < 0.05 significantly increased with increasing pyrolysis 

temperature in both RHB and SBB respectively (Table 2.4). In RHB, 0.01M CaCl2 extracted 

silicon ranged from 61 to 3124 mg kg-1 with its maximum (3124 mg kg-1) at 700oC. In SBB 

the trend of increase continued from 350oC to 500oC (266 to 343 mg kg-1) afterwards there 

was a decrease at 600oC (275 mg kg-1). In 0.5M HCl and 0.1M citric acid extracted silicon, 

the range found in RHB was (86 to 475 mg kg-1and 16 to 418 mg kg-1) and SBB was (236 to 

7262 mg kg-1 and 207 to 9313 mg kg-1) respectively. The maximum of 0.5M HCl and 0.1M 

citric acid were observed in SBB (7262 mg kg-1 and 9313 mg kg-1) respectively at 700oC. The 

increase obtained with increasing pyrolysis temperature was as a result of change in the form 

of silica upon heating. It is reported that the amorphous form silica changes into crystalline 

form when heat is applied (Todkar et al. 2016; Parry and Smithson 1964). This form change 

generally reduces the availability of silicon. However, our results showed reverse trend. It is 

probably due to the short heating time, i.e. 10 min. The differences observed with the 

different extraction methods might be a function of the chemical composition of the biomass. 

The amount of available silicon extracted from RHB with acidic extraction method was low 

when compared with SBB. Part of the reason might be because rice husk upon charring 

produces about 70  80% reactive SiO2 while sugarcane is about 40  50% (Ganesan et al. 

2007). According to Patcharin et al. (2009), introduction of acid can increase the amount of 

silica extracted from bagasse by the removal of its alkali and alkaline metals. It is viewed that 

CaCl2 extraction method extract only the soluble fraction of silica (Berthelsen et al. 2001) 

while that with citric acid or diluted acid (example H2SO4) extract a combination of both 

soluble and adsorbed silica fractions (Beckwith and Reeve 1964). This is because acidic ions 

compete not only with silicic acid in the sorption sites but also formed complexes with 

metallic ions that are known to bind silicic acid. In the present study, we could not find out 
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the reason why available silicon in RHB was not extracted by acid solutions (HCl and citric 

acid). 

 

Table 2.4: The available silicon of the biomass at different pyrolysis temperature under 

different extraction methods 

Biomass Temperature 0.1M CaCl2 0.5M HCl 0.1M Citric acid       

 (oC)  (SiO2mg kg-1)  

Rice husk  300 61± 3e 86± 4e 16± 2e 

400 1306± 12d 117± 3d 55± 4d 

500 2952 ±51c 190± 10c 157± 6c 

600 2800± 12b 263± 11b 214± 5b 

700 3124± 77a 475± 30a 418± 21a 

Sugarcane 

bagasse 

350 266± 10b 236± 4d 207± 7d 

400 333± 8a 259± 7d 306± 5d 

500 343± 5a 2074± 20c 2946± 40c 

600 275± 3b 4686± 117b 5391± 145b 

700 279± 4b 7262± 135a 9313± 137a 

Note: For each material (RHB and SBB), the different alphabet in a column showed 
statistical difference (p< 0.05).    
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2.3.5 The relationship between pyrolysis temperature and biochar chemical compositions 

A regression analysis was calculated in order to determine the relationship between pyrolysis 

temperature and the biochar chemical composition. The results showed that pyrolysis 

temperature quantitatively influenced some of the biochar chemical properties. Correlation 

analysis was also conducted to determine the relationship between Pyrolysis temperatures 

and biochar chemical compositions. The result gave strong significant correlation on ash 

content (r = 0.95), EC (r = 0.99), pH (r = 0.95), Ext. K (r = 0.99), Ext. Mg (r = 0.97) and 

available P (r = 0.99) in RHB while ash content (r = 0.96), EC (r = 0.98), pH (r = 0.97) and 

Ext. K (r = 0.99) showed strong influence in SBB (Figure 2.5 and 2.6). The other biochar 

chemical compositions in both RHB and SBB though related but were not significant. The 

result implies that the biochar chemical compositions are possibly designed by changing 

pyrolysis temperature.  
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Figure 2.5: The relationship between pyrolysis temperature and rice husk biochar chemical 
composition (probability level =* for 5%, ** for 1%) 
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Figure 2.6: The relationship between pyrolysis temperature and sugarcane bagasse biochar 
chemical composition (probability level =* for 5%, ** for 1%) 
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2.4 Conclusion 

The data indicated that both the pyrolysis temperature and biomass significantly affect 

the chemical compositions of the biochar. In all, an increase in temperature leads to 

generation of biochar with high nutrient content. Developing an innovative process, which 

can generate high temperature, would be a key priority for the local communities to improve 

the productivity and quality of the produced biochar. RHB at high temperature may produce 

nutrient-rich biochar, with high pH, EC, ash content, available silicon, phosphorus, 

extractable base cations for acidic soil amendment. Finally, SBB could give high available 

silicon with acid pre-treatment. 
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Chapter 3 

Improvement of silicon availability of rice husk residue for replenishment of available 

silicon in paddy soil 

 

3.1 Introduction 

silica (SiO2 -standing history on 

plant growth, it has long been neglected by ecologists. This is because it was not considered 

an essential nutrient for plants (Yoshida, 1965). However, in recent years, researchers have 

shown its beneficial effect on the growth of many plants especially rice, wheat and barley 

(Klotzbucher et al 2015). Plants vary in their ability to accumulate silicic acid. Rice stands as 

the greatest accumulator of silicic acid and can accumulate SiO2 in the stem and leaves up to 

10% in its dry weight with the application of a large quantity of silicon fertilizer (Takahashi, 

1961). Silicon plays a crucial role in maintaining stable rice production by increasing the 

resistance of rice plant to fungal diseases (e.g., rice blast, brown spot and sheath blight), 

insect attacks and abiotic stresses including drought and lodging (Savant et al. 1997; Ma, 

2004).  

 

et al. 2014). 

More than 3.5 billion people depend on rice for their 20% daily calories (GRiSP, 2013). 

demand especially in the Sub-Saharan region recently has been on a continuous increase 

(GRiSP, 2013). To meet up with the booming demand for rice in Sub-Saharan Africa (SSA), 

there is a need for urgent intervention in the area of fertilization. To maintain a sustainable 

rice production system, a large silicon supply is needed from soil, irrigation and external 
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inputs such as fertilizer (Tsujimoto et al. 2014; Ning et al. 2014). In Japan, silicate materials 

such as calcium silicate slag are being applied widely to the paddy fields (Takahashi and 

Okuda, 1966). Silicate material was first recognized as a fertilizer in 1955 and since then 1.5 

to 2 t ha-1 has been applied to silicate deficient paddy soils till date. An increase of about 5 to 

15 % in rice yield has been reported as a result of this application (Takahashi et al. 1990). 

Nowadays, countries like South Korea, Taiwan, Thailand, China and the USA also use 

silicate fertilizer in their paddy fields (Liang et al. 1994; Kornodorfer and Lepsch, 2001). But 

in other regions especially in SSA, the use of silicate fertilizer has never been a concern even 

with the potential risk of Si deficiency found in the highly weathered soil widely distributed 

in the SSA (Juo and Sanchez, 1986). This could be attributed to the unawareness about the 

importance of silicate fertilizer in rice production. Besides this, the cost of silicate fertilizers 

makes them unaffordable for farmers. To maintain sustainable rice production in this region, 

there is a need to research on alternative silicon sources which are locally available and 

affordable.   

 

The use of plant residue through recycling could be a possible alternative. According to Tuck 

et al. (2012), rice husk is one of the agriculturally processed high-volume residues. For every 

five tonnes of harvested rice, one tonne of husk is produced, amounting to 1.2 x 108 tonnes of 

rice husk per year across the globe. This huge amount of waste, if not well managed could 

lead to environmental nuisance. Hence, developing uses for this waste resource will enhance 

the global sustainable development.  Rice husk and straw are considered as good organic 

sources of silicon (Sahebi et al. 2015; Liang et al. 2007). They are considered as valuable 

silicon resources because they have the capacity to partly replenish silicon in the paddy fields. 

However, decomposition of these materials in the flooded field is always related to the 

emission of methane which is a greenhouse gas. Globally rice base system contributes an 



 

 29    
 

estimate of 9  19 % of this gas (Denman et al. 2007; Haefele et al. 2011). Therefore, 

converting the rice residue (rice straw and husk) into biochar could be a way to address this 

environmental issue while maintaining the nutrient efficacy of the soil. According to Kajiura 

et al. (2015), the use of biochar charred at a high pyrolysis temperature (>500oC) on 

agricultural fields causes a greater reduction in a cumulative CO2 release. In humid tropics, 

high stability of biochar in soil plays an active role in improving the soil fertility of poor soils 

(Lehmann et al. 2006).  

 

Presently, researchers working in this area have found that applying biochar to soil may be 

beneficial to rice production. This is because of biochar's potential to increase soil organic 

carbon (SOC), nutrient supply, plant growth and other soil properties (Glaser et al. 2002; 

Lehmann et al. 2003). However, little attention has been given to the effectiveness of biochar 

in relation to increasing silicon availability in the rice field. Based on this, the study intends 

to (1) give an overview of the chemical composition of rice husk residue pyrolyzed at 

different temperature; (2) test the agronomical effect of the pyrolyzed rice husk residue on 

rice plant; (3) evaluate the potentials of the pyrolyzed rice husk residue on improving soil 

available silicon and plant silicon uptake. 

 

3.2 Materials and Methods 

3.2.1 Soil and biochar 

The soil used for the experiment was collected from a paddy field in Matsue, Shimane 

Prefecture, Japan (35o30´29.67N and 133o06´42.46E). The soil had its available silicon above 

the critical level (86 mg SiO2 kg-1) (Dobermann and Fairhurst, 2000). The bulk soil was air-

dried, homogenized, crushed and passed through 2 mm sieve prior to pot experiment. The 

selected soil properties are presented in Table 3.1. Rice husk residue (RH) was used for the 
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experiment. Prior to the pyrolysis, RH was first characterized for its chemical compositions 

(Table 3.1). The RH was air-dried and 10 kg of it was inserted into an experimental electric 

furnace (Meiwa Co. Ltd Kanazawa, Japan) and pyrolyzed for 10 minutes after the inside 

chamber reached the targeted temperatures. The unpyrolyzed RH and the pyrolyzed RH 

(RHB) were ground to less than 0.5 mm in diameter using a stainless steel ball grinder and a 

manual agate mortar and pestle respectively. 

 

3.2.2 Pot experiment 

The pot experiment was set up in the Experimental Glasshouse, Shimane University, Japan 

(35o29´14.30N and 133o04´07.92E) during the summer season (June to September 2017). 

Plastic pots (12 cm in diameter and 14 cm in height) were filled with 680 g of air dried soil 

and amended with biochar at 10 g pot-1 (at the rate of 15 t ha-1). The pots were fertilized with 

a basal dose of 1.42 g pot-1 of (NH4)2SO4 as the source of nitrogen (N) fertilizer (at transplant 

and at panicle initiation) and 1.32 g pot-1 of KH2PO4 as potassium (K) and phosphorus (P) 

fertilizer sources (at transplant only). Each treatment was replicated three times and arranged 

in a complete randomized design. All the experimental pots were irrigated with deionized 

water up to 5 cm above the soil level. The pots were allowed to stay overnight after which 

one Koshihikari rice seedling per pot was planted. The average temperature during the period 

of the experiment was 26oC with the minimum of 20oC and maximum of 38oC during the 

experimental period. Regular watering was done daily to maintain the waterlogged condition 

required for lowland rice production.   
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                   Figure 3.1: Initial set-up of the pot experiment in the glasshouse  

 

On the 56th day after transplantation, the plant height was measured and tiller numbers were 

counted. Three months after the transplanting date, the above-ground biomass (shoot) of the 

plants was harvested and air-dried in the greenhouse. Two weeks after, the grains were 

separated from the shoot and the shoot was oven dried at 60oC in a paper bag until a constant 

weight was reached. The root was also harvested, washed thoroughly with deionized water 

and oven dried at 60oC in paper bags until a constant weight was gained. The dried samples 

were ground with a stainless steel ball mill grinder and stored in zip lock bags at room 

temperature prior to plant-silica analysis. The soil from each pot was air-dried and thoroughly 

mixed. The air-dried soil was passed through a 2 mm sieve to remove any visible roots in the 

soil. 
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                 Figure 3.2: Rice plant at pinnacle stage in the pot experiment  

 
 
 
 
 
 

 

 

 

 

 

 

                     Figure 3.3: Harvesting of rice plant in the pot experiment  
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3.2.3 Chemical analysis 

The pH and EC of biochar were measured in 1:20 w/v biochar - water extracts (modification 

in ratio) (Ahmedna et al. 1997) using pH and EC meters (Models D-15 and D-24 Horiba, 

Kyoto Japan, respectively). Total carbon and nitrogen were determined by dry combustion 

method using NC analyzer (Model Sumigraph NC-22 Analyzer, Tokyo Japan). Available P 

was extracted by NaHCO3 and was determined by the molybdenum blue method (Olsen and 

Sommers, 1982). Available silicon from the biochar was extracted using 0.5M HCl at 1:50 

ratio, shake for 1 hour and filter (modification in ratio, Savant et al. 1999). This extraction 

method was used because biochar in this context was considered as a silica fertilizer. 

According to Ma and Takahashi, 2002 and NIAES, 1987, the official method for gauging Si 

availability in slag which is the most common silica fertilizer is by extracting its silica with 

0.5 M HCl. The silicon concentrations from the supernatant were determined by the 

molybdenum blue method and measured with a spectrophotometer (Model UV 1800, 

Shimadzu Kyoto Japan) at a wavelength of 810 nm. For the total Si concentration, 0.1 g of 

biochar was extracted using diluted hydrogen fluoride solution (Saito et al. 2005) and the Si 

supernatant was determined with molybdenum yellow method at a wavelength of 400 nm 

(Weaver et al. 1968).  
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Table 3.1: The physio-chemical properties of the soil used for the pot experiment and the rice 

husk residue  

Properties  Soil Rice Husk residue (RH) 

Clay (%) 35.05 - 

Silt (%) 19.56 - 

Sand (%) 45.39 - 

Olsen-P2O5 (mgkg-1) 248.3 605.0 

EC (mSm-1) 6.8 33.1 

pH (H2O) 4.7 6.5 

Total C (gkg-1) 15.0 410.9 

Total N(gkg-1) 1.0 2.7 

Ash (%) - 11.5 

Available Si (mg SiO2kg-1) 138.1 109 

Exchangeable Ca (cmolckg-1) 3.49 - 

Exchangeable Na(cmolckg-1) 0.15 - 

Exchangeable K(cmolckg-1) 0.25 - 

Exchangeable Mg(cmolckg-1) 1.07 - 

Total Si (g SiO2 kg-1) - 20.7 

 

 

For soil analysis, the pH and electrical conductivity were measured in 1:2.5 w/v and 1:5 w/v 

of soil  water using pH and EC meters (Model D-15 and D-24 Horiba, Kyoto Japan 

respectively). Soil total carbon and nitrogen were determined using dry combustion methods 

(Sumigraph NC-22 analyzer). Available phosphorus was determined using Bray 2 extraction 

method (Bray and Kurtz 1945). Total exchangeable bases were extracted with 1M 

ammonium acetate (pH 7.0) and measured by Inductively Coupled Plasma Spectroscopy 

(ICPE-9000 Shimadzu Kyoto, Japan). Available silicon was extracted by acetate buffer (pH 

4.0) (ratio of 1:10), with intermittent shaking for 5 hours at 40oC. The Si supernatant was 

determined using the molybdenum blue method (Imaizumi and Yoshida 1958). For the plant  
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analysis, the total silica from the rice plant parts was extracted using a diluted hydrogen 

fluoride solution (Saito et al. 2005). The Si supernatant was determined with molybdenum 

yellow method at a wavelength of 400 nm (Weaver et al. 1968). The uptake of Si by the rice 

plant from each pot was calculated as follows:  

 

 

3.2.4 Statistical analysis 

ne 

the statistical significance of the RH and RHB treatments effect on rice plant growth 

performance, soil available Si and plant silica uptake using SPSS IBM 20.0 and 5% 

probability (p < 0.05) was considered to be statistically significant.  

 

3.3 Results and Discussion 

3.3.1 Characteristics of biochar 

As shown in Table 3.2, the nutrient content of the produced biochar increased with increasing 

pyrolysis temperature. The biochar had high pH values attributed to high ash content (Table 

3.2) (Gaskin et al. 2008). Biochar with high ash content can provide more mineral nutrients 

such as K, Ca, Na and Mg which increase pH values (Wu et al. 2012). The EC of the biochar 

produced from RH showed an increasing trend with an increase in pyrolysis temperature. 

This trend is due to the loss of volatile materials at higher temperature while promoting the 

relative concentration of salts in the ash fraction (Amonette and Joseph, 2009). Available 

phosphorus and silicon increased with increase in pyrolysis temperature. The increase 

obtained in available P is because, during pyrolysis, there is disproportionate volatilization of 

carbon. This leads to the splitting of organic P bonds and hence results in biochar with high 

soluble P salts (Knoepp et al. 2005). The increase obtained from silicon with increasing 

Uptake (g pot-1) = Si concentration in plant x the plant dry weight in each pot 
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pyrolysis temperature (Table 3.2) might be as a result of a change in the form of silica 

relative to the time of charring.  

 

3.3.2 Effect of biochar on rice plant growth, yield and yield components 

Table 3.3 shows the effect of RH and RHB on rice growth, yield and yield components. The 

tiller number, shoot and root biomass showed significant differences (p < 0.05) among the 

treatments while the plant height and grain yield did not. It is evident from the result that 

plants treated with RH gave the lowest root biomass (7.7 g pot-1), shoot biomass (27.3 g pot-1), 

root/shoot ratio (0.268), tiller numbers (19.3) and grain yield (16.3 g pot-1). This is because 

the incorporation of plant residue with high C/N ratio might cause N immobilization in the 

soil, resulting to low yield. Application of residue with low C: N ratio encourages 

mineralization but applying residue with a high C: N ratio advances N immobilization (Vigil 

and Kissel 1991).  

Comparison between control (no biochar amendment) and the RHB treated pots showed that 

control has higher root biomass (16.3 g pot-1) than RHB treatments while the tiller numbers 

and the shoot biomass showed no significant difference. This implies that smaller root 

biomass in RHB treatments did not limit the shoot growth. This is because biochar has the 

ability to retain nutrients to improve productivity (Abebe et al. 2012). Thus, RHB treatment 

reduces the need for root elongation in search of the nutrients. Although no statistical 

difference was observed in tiller number and shoot biomass, pots amended with RHB at 

700oC gave the highest tiller number (25.3) and shoot biomass (33.3 g pot-1) against control. 

The grain yield also showed no significant difference in this experiment. Neglecting the 

significance level of the statistical analysis, lowest grain yield was observed from the pot 

amended with RH. This supports the findings of Li et al. (2016), which states that applying 

amendments with high C: N ratio reduces annual rice yield. In general, RHB application did 
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not significantly influence plant growth in this experiment. This was because the soil had 

enough level of available Si for plant growth and the plant was grown under stress - free 

condition such as pest, disease, drought and so on.  

 

Table 3.2: The chemical and elemental properties of the rice husk biochar at different 

pyrolysis temperatures 

Rice Husk  
Biochar 

pH  
(H2O) 

EC  Biochar 
yield 

Ash 
content  

Available 
P 

Available Si  
(SiO2) 

Total 
SiO2 

  mS m-1 % mg kg-1 g kg-1 
RHB 300oC 6.8  9.04  55 21.8 225 86 13.9 
RHB400oC 8.6  13.36  44 27.5  347  117 15.5 
RHB500oC 10.4 22.9  36 32.8  994  190 13.6 
RHB600oC 10.6  31.1  35 33.9  1298  263 13.2 
RHB700oC 10.7 40.05 35 35.6  1842  475 14.5 

 

Table 3.3: Effect of rice husk (RH) and rice husk biochar (RHB) applications on rice growth, 

yield and yield components  

Treatments Plant height  
(cm pot-1) 

Tiller 
number 

Shoot 
weight  

Root 
weight  

Root/ 
shoot  

Grain 
weight  

g pot-1 
Control 87.7a 24.0ab 30.7ab 16.3a 0.52a 19.8a 
RH 90.3 a 19.0 b 27.3 b 7.7 c 0.268 c 16.3 a 
RHB 300oC 89.0 a 24.0 ab 31.3 ab 10.0 bc 0.324 bc 19.7 a  
RHB400oC 83.6 a 23.0 ab 31.3 ab 14.3 ab 0.450 ab 18.0 a 
RHB500oC 84.8 a 25.0 ab 31.0 ab 12.0 abc 0.380 bc 18.7 a 
RHB600oC 83.5 a 23.0 ab 30.3 ab 10.7 bc 0.353 bc 20.0 a 
RHB700oC 85.2 a 25.0 a 33.3 a 14.0 ab 0.419 ab 20.0 a  

Note: For each material (RHB and SBB), the different alphabet in a column showed 
statistical difference (p< 0.05).    
  
 
3.3.3 Effect of biochar on soil available Si  

Fig. 3.1 shows the effect of RH and RHB on soil available Si after harvest. The soil available 

Si after harvest ranged from 87 to 151 mg pot-1 with an increment from 0.2 to 56 mg pot-

1compared with the initial soil Si status (calculated from Fig. 3.1). Soil amended with RHB at 

400oC gave the highest soil available Si (p < 0.05) after harvest compared to RH and other 

RHB treatments. Although the RH and RHB had an increase in soil available Si after harvest 
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compared with the control, the increase is not statistically significant. This result implies that 

RH and RHB could serve as a Si source as its effect on soil available Si remained after 

harvest. In this study, a trend of increase was observed in soil available Si with increasing 

pyrolysis temperature from RH (112 mg pot-1) to RHB at 400oC (151 mg pot-1). However, at 

higher pyrolysis temperature (RHB > 400oC), the soil available Si fluctuated (Fig. 3.1). This 

result contradicts the trend found in the available Si of the used biochar amendment, which 

shows continuous increase with increasing pyrolysis temperature (Table 3.2). This might be 

because Si release behaviour of the biochar is strongly controlled by Si speciation and content 

as well as the interaction between Si and carbon structure of the biochar (Xiao et al. 2014). 

According to Wang et al. (2018), the amount of Si release from a pure Si-rich biochar 

increase with increasing pyrolysis temperature but the degree of the increase slightly decrease. 

This might be related to the balance between the re-adsorption of silicic acid by the pores of 

the biochar carbon structure and the release of Si from the Si component of the biochar. This 

implies that from the results obtained in this study (Fig. 3.1), part of the reason for the 

observed fluctuation in soil available Si among RHBs might be due to re-adsorption of the 

silicic acid by the pore of the RHB carbon structure at higher pyrolysis temperature (RHB > 

400oC). Another possible reason which could cause the variation in soil Si concentration 

might be the uniqueness of the RHB at 500oC and 700oC. This is due to the dissolution of Si 

and sorption reactions between soluble Si and soil components as well as the biochar surface 

(Wickramasinghe and Rowell 2006). Biochar performance in relation to the extractable Si 

release rate might have led to high plant Si uptake obtained in RHB at 500oC. Also, it led to 

less soil Si availability after harvest. Haynes et al. (2013) found that a negligible quantity of 

the very high total Si content (29.1%) of fly ash was in extractable form compared with steel  

slag and processing mud, which had the lowest total Si contents but relatively high 

extractable Si.  
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    Figure 3.4: The biochar effect of the rice husk biochar at different pyrolysis  

                       temperature on soil available Si 

Note: For each material (RHB and SBB), the different alphabet in a bar showed statistical 
difference (p< 0.05).    
 

3.3.4 Effect of RH and RHB on plant Si concentration and uptake 

The Si concentration of the matured rice straw differed significantly (p < 0.05) among the 

treatments (Table 3.4). They ranged from 56.5 g SiO2 kg-1 to 72 g SiO2 kg-1. The highest 

straw Si concentration was from pot amended with RHB at 500oC (72 g SiO2 kg-1). The Si 

concentration of the matured rice husk also showed a significant difference at p < 0.05 among 

the treatments (Table 3.4). They ranged from 18.5 g SiO2 kg-1 to 20.0 g SiO2 kg-1. The 

highest rice husk Si concentration was reported from pot amended with RHB at 500oC (20.0 

g SiO2 kg-1). The lowest Si concentration from both straw and husk were from the control 

pots (56.6 g SiO2 kg-1 and 18.5 g SiO2 kg-1 respectively). This also reflects the potentiality of 

RH and RHB as Si source. Among the treatments, the rice husk Si uptake differed 

significantly at p < 0.05 while the rice straw Si uptake did not (Table 3.4). The rice husk Si 
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uptake ranged from 98 to 133.5 mg SiO2 pot-1. The highest was from pot amended with RHB 

at 700oC (133.5mg SiO2 pot-1) while the lowest was from pot amended with RHB at 400oC 

(98 mg SiO2 pot-1). In all experimental pots, the amount of Si taken up by plants was much 

higher than the available Si in the initial soil, RH and RHB. They ranged from 1971.7 to 

2478.8 mg SiO2 pot-1 (calculated from Table 3.4 and Figure3.4) as opposed to the cumulative 

available Si supply from the initial soil and biochar which ranged from 94.8 to 98.7 mg SiO2 

pot-1 (calculated from Table 3.2 and Figure 3.4). The result implies that the effect of RH and 

RHB application on plant Si uptake was not only through the initial available Si supply but 

also through the continuous release of Si from the materials (biochar) and other mechanisms 

such as silicon dissolution in soil minerals. It is known that Si dynamics is also regulated by 

adsorption of silicic acid (soluble Si) by biochar (Wang et al. 2018) and reaction with other 

elements in the soil like Ca, Mg, Fe, Zn etc (Rodrigues and Datnof 2015) which may 

accelerate or retard Si release. According to Marxen et al. (2016) plant-silicon-uptake 

accelerates the release of the dissolved Si in soil by weathering of phytoliths in the biochar 

and soil minerals. 
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Table 3.4: Effect of rice husk (RH) and rice husk biochar (RHB) pyrolyzed at different 

temperatures on silicon concentration and uptake in rice  

Treatments      Silicon Concentration 

           (g SiO2 kg-1) 

         Silicon uptake 

          (mg SiO2 pot-1) 

Straw Husk  Straw Husk  

Control 56.5b 18.5b 1794.5a 132.5a 

RH 61.0ab 19.0b 1749.5a 111.0bc 

RHB300oC 70.0a 20.0a 2216.0a 118.5ab 

RHB400oC 63.5ab 19.0b 1951.0a 98.0c 

RHB500oC 72.0a 20.0a 2237.5a 132.0a 

RHB600oC 61.5ab 19.0b 1772.5a 131.5a 

RHB700oC 59.0ab 18.5b 1852.5a 133.5a 
Note: Silicon content in rice husk seemed to be under estimated. We discussed on this issue 
in Chapter 5; For each material (RHB and SBB), the different alphabet in a column showed 
statistical difference (p< 0.05).  
 
 
   
3.3.5 Effect of RHB on soil Si dynamics and its Si release rate 

Figure 3.5 shows the effect of RHB application on soil Si availability for rice growth, the 

increment of plant Si uptake and soil available Si at harvest. The increment in RHB 

treatments ranged from 30.6 to 455.9 mg SiO2 pot-1 against control. This improvement was at 

least partly due to the available Si release from RHB (Ma and Takahashi 2002). The 

improvement also might be due to the biochar cumulative Si release rate during the cropping 

season (Haynes et al. 2013). Another possible mechanism for the increment of Si uptake in 

plant and availability in soil might be due to the enhancement of available Si release from the 

soil through the effect of RHB on soil physiochemical properties (Ponamperuma 1982; 

Tavakkoli et al. 2011). In this study, the trend of Si release as a function of soil available Si 

after harvest and plant Si uptake differ with the available Si from RHB at a different pyrolysis 

temperature (Table 3.2). This is because Si availability in the soil is dependent on many 

controlling factors such as pH, soil redox potential and the type of existing metals in the soil 

(Rodrigues and Datnof 2015). Among all the factors listed, soil redox potential is the 

principal factor in flooding condition like lowland paddy field. It reported that with an 
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increased submerged time of soil, a corresponding reduction in soil redox potential is 

accompanied by an increase in the solubility of soil Si (Ponnamperuma 1965). This is 

because sufficient reduction of soil redox potential permits Fe-reducing bacteria to be 

activated. Thereby causing increased dissolution of Fe oxide especially those attached to Si, 

hence the release of Si (Mihara et al. 2017). This supports the finding in this study since RHB 

application had higher soil available Fe compared to control (Figure 3.6), which indicates that 

RHB possibly enhances the reduction of soil redox. However, the concentration of soil 

available Fe did not differ significantly among the RHB treatments and thus, does not explain 

the difference on cumulative SiO2 of plant Si uptake and soil available Si. This indicates that 

Fe dissolution is not the main mechanism but Si release from the RHB and other factors 

could likely be the major controlling factor of the increment of Si availability in the present 

study condition. Another possible mechanism could be the adsorption of silicic acid (soluble 

Si) by the pores of the biochar. According to Wang et al. (2018), pores on the surface of the 

biochar may be effective sites for silicic acid adsorption. This is because the surface of the Si-

rich biochars was found to be porous after Si release. The open pores on the surface of 

biochar are then occupied by silica or phytolith because of similarity in size (Wang et al. 

2018). Porosity is a function of temperature increase in biochar. This supports the reduced 

cumulative available Si obtained from the study in RHB at 600oC and 700oC. Brewer et al. 

(2014) also found that biochar produced from grass using slow pyrolysis process had its 

porosity increased with increasing temperature with the highest recorded at 700oC. 
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     Figure 3.5: The effect of RHB at different pyrolysis temperatures on cumulative Si  

                        content during rice growth  

 

 

Figure 3.6: The effect of RHB at different pyrolysis temperatures on soil available Fe  

Note: For each material (RHB and SBB), the different alphabet in a column showed 
statistical difference (p< 0.05).    
 

 

3.4 Conclusion 

This study suggests that pyrolysis increases the Si availability in RH. The degree of the Si 

increment differs at different pyrolysis temperatures. Application of RHB increases plant Si 
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uptake but had insignificant influence on plant growth and yield in this experiment. The 

enhancement of soil available Si was also observed through the post-harvest effect on soil 

available Si. The percentage Si release was much higher in RHB treatments than RH during 

the cropping season. Finally, this study supports the application of RHB as Si releasing agent 

to increase plant-available Si in the soils that will improve rice plant health.  
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Chapter 4 

Roles of biochar on soil fertility improvement andrice growth performance 

 

4.1 Introduction 

Rice (Oryza sativa L.) is the world most important staple food. This is because according to 

Muthayya et al. 2014, rice supports more than half of the world population. Globally in 2016, 

rice production amount 759.6 million tonnes (FAO. 2018) with Asia countries accounting for 

90% of the world total rice production (Muthayya et al. 2012). Other non-Asia countries 

including Brazil, the United States, Egypt, Madagascar and Nigeria, which together account 

for 5% of the rice produced globally (FAO, 2013). In Africa, rice is the fastest growing staple 

food with its total cereal production raised steadily from 9.3% in 1961 to 15.2% in 2007 

(IRRI, 2013). However, only 54% of the rice consumption is supplied locally and the region 

still imports over 40% of its rice need (FAO, 2018). Although the potential for local rice 

production in Africa is enormous which include favourable production cost, the rice section 

still suffers from inefficiencies related to low productivity, a factor strongly controlled by soil 

related issues. 

 

Maintaining the organic matter threshold level is crucial for soil to uphold its integrity in 

performing agricultural functions (Izaurralde et al. 2001). In the tropics depletion in soil 

organic matter, soil nutrients, agricultural productivity and changes in climates due to human 

activities are posing great threat to agricultural sustainability (Pender, 2009). The use of 

chemical fertilizers has undoubtly played a vital role toward increasing the agricultural 

productivity over the past half century. However, the use of chemical or inorganic fertilizer is 

not a sustainable approach for improving the agricultural yield and soil fertility.  
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This is because excess use of inorganic fertilizer has the ability to deteriorate not only the soil 

environment but also lead to the mineralization of organic matter (Palm et al. 2001; Liu et al. 

2010). The use of biochar has been considered as a key input for rising and sustaining 

production and reduces dependence on fertilizer (Barrow 2012). 

 

Since the discovery of black high soil fertility in Amazon River Basin, biochar has attracted 

the attention of many scientists (Sombroek, 1966; Lehmann and Joseph, 2009). In Japan, 

biochar has been employed at least since 1697. It was applied in agriculture and horticulture 

inclusive for improving the vigor of ancient pine trees near shrine (Ogawa and Okimori, 

2010). In Spain, biochar was used to improve soil fertility (Olarieta et al. 2010). In SSA, 

despite the soil fertility challenges facing this region, research on the use of biochar a 

byproduct of pyrolysis on improving its highly weathered soil and crop performance have 

received little attention. Based on this, the objective of this work were to evaluate the 

influence of biochar produced from two agricultural residues rice husk and sugarcane bagasse 

on improving rice productivity, soil nutrient availability and plant nutrient uptake.  

 

4.2Materials and method 

4.2.1 Pot experiment 

The soil for the pot experiment was collected from Matsue, Japan. The two agricultural 

biomass (rice husk and sugarcane bagasse) used for the biochar was produced by the Meiwa 

Co. Ltd, Kanazawa, Japan following the method described in chapter 2. Prior to the pot 

experiment, the biochar together with the uncharred biomass was analyzed (Described in 

chapter 2). The data collection in the pot experiment was the same with that described in 

chapter 3.  
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4.2.2 Soil and plant Analysis  

The soil analytical method was the same with that described in chapter 3. For plant analysis, 

the total plant nutrient were determined after digestion of 0.05g of plant part with HNO3 at 

160oC for 5 hours using Teflon vessel and washed into 25 ml conical flask. The supernatant 

was measured by Inductively Coupled Plasma Spectroscopy (Model ICPE-900, Shimadzu 

Kyoto Japan). The uptake of nutrient by rice plant from each pot was calculated as follows: 

 

 

4.2.3Statistical analysis 

the statistical significance of the RHB and SBB treatments effect on rice plant growth 

performance, soil chemical properties and plant nutrient uptake using SPSS IBM 20.0. 5% 

probability (P < 0.05) was considered to be statistically significant.  

 

Uptake (g pot-1) = Nutrient concentration in plant x the plant dry weight in each pot 
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                                   Figure 4.1: Plant growth observation 

 
4.3 Results and Discussion 

4.3.1 Chemical properties of used soil and biochar 

The soil used is low in soil nutrient with the exception of available P (248.3 mg P2O5 kg-1) 

and Si (138.1 mg SiO2 kg-1) (See chapter 3). The biochar used content high plant nutrient 

compared to that present in the used soil (see chapter 2).  

4.3.2Effect of biochar on rice plant growth, yield and yield components 

Table 4.1 shows the effect of RH, RHB, SB and SBB on rice growth, yield and yield 

components. From the result obtained, the addition of biochar produced from both plant 

residue (RHB and SBB) significantly (p < 0.05) increased shoot biomass, root biomass and 

tiller numbers with no significant increase in plant height and yield. The lowest values of 

shoot biomass (27.3g pot-1 and 24.8g pot-1), root biomass (7.5g pot-1 and 6.3g pot-1) and tiller 
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number (19.3 and 18.7) were recorded on the pots amended with the uncharred residues of 

rice husk and sugarcane bagasse respectively. This might be due to N immobilization caused 

by incorporating plant residue with high C/N ratio, hence low yield. According to Vigil and 

Kissel 1991, application of residue with low C: N ratio encourages mineralization but 

applying residue with a high C: N ratio advances N immobilization.  

 

Comparison between control (no biochar amendment) and the biochar treated pots (RHB and 

SBB); the result showed that control pots have higher root biomass (16.3 g pot-1) than the 

amended pots.  This is because biochar has the ability to retain nutrients that will improve 

productivity (Abebe et al 2012).  Although we used pots without drainage holes, which 

prohibited nutrient from leaching out of the pot, biochar may accumulate nutrient and allow 

plant root to effectively uptake nutrients. Thus, RHB and SBB treatments might reduce the 

need for root elongation in search of the nutrients. The control pots (no biochar amendment) 

tiller numbers and the shoot biomass showed no significant difference with RHB and SBB 

treatments. This implies that smaller root biomass in RHB and SBB treatments did not limit 

the shoot growth. Although no statistical difference was observed in tiller number and shoot 

biomass, the highest tiller number (25.3 and 24.0) and shoot biomass (33.3 g pot-1 and32.2 g 

pot-1) against control were from pots amended with RHB at 700oC and SBB at 400oC 

respectively. The grain yield also showed no significant difference in this experiment. This 

was because the plant was grown under stress - free condition such as pest, disease, drought 

and so on.  
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Table 4.1: Effect of Biochar on Rice Plant Growth, Yield and Yield Components 
 

Note: For each material (RHB and SBB), the different alphabet in a column showed 
statistical difference (p< 0.05).     
 

 

4.3.3 Effect of biochar on selected soil chemical properties 

Table 4.2 showed the effect of RH, RHB, SB and SBB treatments on some selected soil 

chemical properties. The addition ofbiochar gave a significant (p < 0.05) decreased on soil 

pH compared to the unamended pots (control).This might be attributed to uptake of nutrient 

by the crop (Gaskin et al. 2010). Soil exchangeable K showed significant effect while soil 

available P, Fe, Zn, Mn and exchangeable Ca, Mg and Na gave no significant effect with the 

addition of biochar. The soil exchangeable K ranged from 0.126 to 0.159 cmolc pot-1 and 

0.129 to 0.173 cmolc pot-1 in RHB and SBB treatments respectively with its maximum on RH 

(0.159 cmolc pot-1) and SBB at 500oC (0.173 cmolc pot-1). Charring of biochar increases the 

available K in RHB while SBB gave a decrease. The reason was due to the different chemical 

processes posed by the different biomass (Muthadhi et al. 2007; Van Lith et al. 2008- See 

chapter 2). In relation to soil exchangeable K, its response also differs. The low exchangeable 

K found on RHB treated pots when compared with its uncharred counterpart (Table 4.2), 

Treatments  Plant 
Height 

Tiller 
number 

Root weight Shoot weight Root  Shoot  
ratio 

Yield  

    cm  g pot-1 
Control 87.7a 24.0ab 16.3a 30.7ab 0.52a 19.8a 
RH 90.3a 19.3b 7.5b 27.3b 0.268c 16.3a 
RHB300 89.0a 24.7ab 10.2ab 31.6ab 0.324bc 19.9a 
RHB400 83.6a 23.0ab 14.1a 31.2ab 0.450a 17.7a 
RHB500 84.8a 25.0ab 11.8a 31.2ab 0.380ab 18.6a 
RHB600 83.5a 22.7ab 10.7ab 30.1ab 0.353abc 20.0a 
RHB700 85.2a 25.3a 13.9a 33.3a 0.419ab 20.0a 
Control 87.7a 24.0ab 16.3a 30.7ab 0.52a 19.8a 
SB 82.8a 18.7b 6.3b 24.8b 0.254b 18.3a 
SBB350 86.7a 22.7a 12.2a 31.7a 0.384a 16.5a 
SBB400 86.3a 24.0a 10.7ab 32.2a 0.332ab 19.2a 
SBB500 84.2a 21.7ab 9.1ab 28.6a 0.318ab 16.1a 
SBB600 89.9a 22.0ab 8.9ab 30.1a 0.293ab 19.7a 
SBB700 86.3a 23.0a 10.9a 31.3a 0.343ab 18.4a 
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could be liken to the chemistry of K in flooded condition. According to Fageria et al 2011, in 

reduced condition, large fraction of K ion are being exchanged from the exchangeable 

complex (both biochar and soil exchangeable complex) into the soil solution by relative large 

amount of Fe ions. Thus, leading to greater available K for plant uptake and hence a 

reduction in the exchangeable site (Patrick and Mikkelsen 1971).Although SBB treated pots 

showed significant effect (p < 0.05) in soil exchangeable K, no specific trend was observed 

(Table 4.2).  Sugarcane bagasse contains lignocelluloses which enhanced microbial growth 

and might vary widely irrespective of the pyrolysis temperature. Lignocelluloses might 

influence Fe dissolution by increasing the number Fe reducing bacteria in an anaerobic 

condition. According to Fageria et al 2011, the release of relatively large amount of Fe will 

also enhance the displacement of some K ions from the exchangeable complex to the soil 

solution. 

 

Application of biochar did not significantly influence soil available Zn and Mn but showed 

significant effect on soil available Fe in both RHB and SBB (Table 4.2). The soil available Fe 

ranged from 164.1 to 218.2 mg pot-1 and from 164.1 to 199.1 mg pot-1 in RHB and SBB 

respectively. The overall maximum was from pot treated with RHB at 700oC (218.2 mg pot-

1).Sufficient reduction of soil redox potential which is obtainable in a reduced condition 

permits Fe-reducing bacteria to be activated, hence, increase dissolution of Fe oxide (Mihara 

et al 2017). From the result an increasing trend was observed with RHB while SBB showed 

no specific trend. This indicates that RHB application could have a great impact on soil redox 

potential (Nwajiaku et al. 2018). The trend found in SBB could also be related to the 

activities of Fe- reducing bacteria in the present of lignocelluloses (Tejirian and Xu, 2010). 
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4.3.4 Effect of biochar on rice shoot nutrient uptake 

 
4.3.4.1 Effect of biochar on rice shoot macronutrient uptake 

Table 4.3 showed the effect of RH, RHB, SB and SBB on rice shoot macronutrient uptake. 

Ca, Mg, K and P shoot uptake showed significant (p < 0.05) effect among the RHB 

treatments while SBB treatments was significant only on P shoot uptake. In relation to 

pyrolysis temperature, no specific trend was observed among the RHB and SBB treatments. 

They ranged from 71.3 to 262.1mg pot-1 and 94.2 to 118.8mg pot-1(Ca), 80.3 to 197.2mg pot-1 

and 98.2 to 135.3mg pot-1 (Mg), 110.3 to 167.8 and 91.6 to 156.7mg pot-1(P) and 117.2 to 

336.3mg pot-1 and 195.3 to 439.6mg pot-1 (K) in RHB and SBB treatments respectively. The 

highest Ca, Mg, P and K were 262.1mg pot-1 and 118.8mg pot-1 (RHB500 and SBB400), 

197.2mg pot-1 and 135.3mg pot-1 (RHB500 and SBB600), 167.8mg pot-1 and 156.7mg pot-1 

(RHB700 and control) and 336.3mg pot-1 and 439.6mg pot-1 (RHB600 and SBB600) in RHB 

and SBB treatments respectively. 

Neglecting the significant level, the result obtained reveals that biochar amendments could 

improve nutrient uptake. This is because pyrolyzed biochar possess greater negative surfaces, 

charge density and higher surface area than other organic amendments (Somebroek, 1993). 

P shoot uptake was significantly influence by the addition of both RHB and SBB but in a 

decreasing trend except RHB at 700oC which showed an increased trend (Table 4.3). Some 

biochar can be a potential P source and some can adsorb P efficiently from solution (Peng et 

al. 2012, Yao et al. 2013). From the result obtained, it suggested that the RHB and SBB 

biochars used in this experiment could play a role in retaining P from the solution. The high P 

uptake found in RHB at 700oC could be a reflection of surface characteristics (Han et al. 

2016).  



 

 54    
 

Although, no specific trend was observed in relation to pyrolysis temperature of the biochar, 

SBB treated pots possess higher K shoot uptake. In Ca and Mg, RHB treated pots possess 

high Ca and Mg shoot uptake compare to SBB treated pots. This could be due to the high 

antagonistic properties between K and other base elements like Ca, Mg and Na. According to 

Gunarathne et al. 2017 rice biochar cations especially K and Na may directly or indirectly 

depress Ca uptake particularly at low Ca concentration. In relation to Mg content in plant 

tissues, Ohno and Grune, 1985 stated that high K content in plant tissues could lead to the 

depression of Mg content through the antagonistic interaction mechanism.  

 

4.3.4.2 Effect of biochar on rice shoot micronutrient uptake 

The effect of biochar on shoot micronutrients (Fe, Zn and Mn) uptake showed significant (p < 

0.05) effect with RHB treatments while SBB treatments were not significantly influence 

(Table 4.3). They ranged from 9.8 to 19.2mg pot-1, 0.86 to 1.61mg pot-1 and 23.0 to 97.9mg 

pot-1 in Fe, Zn and Mn respectively. The highest Fe (19.2 mg pot-1), Zn (1.61 mg pot-1) and 

Mn (97.9 mg pot-1) were from pots treated with RHB at 500oC.Although no specific trend 

was observed among RHB and SBB treatments in shoot micronutrient uptake in relation to 

pyrolysis temperature, RHB treated plants gave higher shoot uptake of Fe and Mn while Zn 

was higher in SBB treated plants. The low uptake of Fe found on SBB treated plants could be 

a reflection of the Fe-K displacement on the exchangeable site (Fageria et al. 2011).Like the 

activity of Fe ion in a flooded condition, the release of relative large amount of Mn ion could 

also lead to the displacement of K in the exchangeable site, hence low content of Mn for plant 

uptake by the SBB treated plants. In the Zn shoot uptake though significant with RHB 

treatments, both treatments were generally low. This because there is an established 

knowledge that Zn concentration is highly controlled by soil pH. According to Fegeria et al. 

2011, Zn concentration decreases with increasing soil pH due to flooding. The wide variation 
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found among the treatments is because though the mobility and the bioavailability of 

elements is a function of biochar type, it remains unknown to what extent biochar can 

influence translocation and accumulation of these nutrients (Kasozi et al. 2010).  
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4.3.5 Effect of biochar on rice grain nutrient uptake 

Table 4.4 showed the effect of biochar on rice grain macronutrient (Ca, K, Mg and P) uptake. 

Ca, K, Mg and P rice grain uptake was significantly (p < 0.05) influenced by the addition of 

SBB treatments while RHB treatments was not significant (p < 0.05). In relation to the 

pyrolysis temperature no specific trend was observed. The SBB macronutrient grain uptake 

ranged from 3.4 to 4.4mg pot-1, 29.4 to 43.7mg pot-1, 16.7 to 24.9mg pot-1and 94.6 to 135.5 

mg pot-1 in Ca, K, Mg and P respectively. The highest Ca (4.4mg pot-1), K (43.7mg pot-1), 

Mg (24.9 mg pot-1) and P (135.5 mg pot-1) were from pot treated with SBB600 (Table 4.4). 

RHB treatments though not significant, possess a no consistence trend of uptake in the shoot 

Ca uptake(Table 4.4). The Ca grain uptake was also not consistent as low Ca was observed in 

the grain uptake as pose to that found on the shoot. The low Ca uptake on some RHB 

treatments is as a result of immobile nature of Ca ion (Sharma et al. 2017). According to 

White 2001, Ca concentration found in leaves/straw depends greatly upon the phyto-

availability of Ca in the rhizosphere and the transpirational water flux but are restrained in the 

straw due to its immobility in the phloem. Unlike Ca, the trend possessed by K uptake in the 

shoot is maintained in the grain K uptake. This is because K ion is very mobile in plant and as 

such its uptake in the grain is expected (Karley and White, 2009). The micronutrient grain 

uptake showed no significant effect with biochar amendments with the expectation of Cu in 

RHB treatments and Mn in SBB treatments (Table 4.4). They ranged from 0.38 to 0.59 mg 

pot-1 (Cu) and 0.09 to 0.34 mg pot-1 (Mn) in RHB and SBB treatments respectively. 
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4.5 Conclusion 

The results obtained revealed that the biochars in this experiment can be used as soil 

amendment though its efficacy as soil amendments to improve crop and soil productivity 

should not be generalized. This is because the chemical and physical characteristics of 

biochar vary widely and their interactions on improving crop and soil productivity need to be 

uniquely evaluated. In relation to plant agronomical parameter no significant effect was 

observed in this experiment. A further study in a field environment is recommended to fully 

evaluate the in-situ physical and chemical effect of the studied biochar on crop productivity, 

soil improvement and nutrient uptake. 
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Chapter 5 

Underestimation of Silicon determination in plant samples  

 

5.1 Introduction 

The current gravimetric analysis for the measurement of the silicon content of plant required 

more than 1 g dry matter of plant sample and more than 17 hour for digestion, drying, 

filtration, dehydration and weighing. The wet digestion method with HNO3 and dissolution 

with boric acid, followed by calorimetric determination, can be applied for 50 mg of plant 

sample, but required 24 hours from extraction to determination. The wet digestion method 

also cannot be used to actually quantify the total amount of silicon, since some are lost during 

the boric acid dissolution process through volatilization of silicon as SiF4 at high 

concentration. Therefore, in the present study, we tend to avoid silica corrosiveness as well as 

lost of silicon through vapourization; hence diluted hydrofluoric acid solution method for 

plant silicon determination according to Saito et al. 2005 was used. The Si values in rice 

straw were comparable with other studies unlike that in the rice husk. For instance Si content 

in rice straw presented by Mihara et al. (2017) using Saito et al, 2005 plant Si analytical 

method ranged from 43.2  to 70.2 g kg-1 and was comparable with the rice straw Si content 

obtained in the present work (See chapter 3, Table 3.4). However, the rice husk Si content in 

the present study seemed underestimated. Previous researches like Yao et al. (2016), 

Igwebike-Ossi, (2017) and Guntamukkala and Pusarla (2017) presented the Si contents in the 

rice husk ranging from 90 to 260 g kg-1, which was more than 7-20 times higher than that of 

the present study (Table 3.4). This means that some factors might have limited Si dissolution 

in rice husk in the present study. A possible factor that might hinder dissolution could be 

crystallization of Si in rice husk, although we could not state categorically what could have 
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hindered dissolution. In order to find out the cause and improve the analysis method, the 

analysis method was examined with some modification in this chapter. 

 

5.2 Materials and Method 

5.2.1 Initial Plant Silicon analysis method 

The extraction solution (hydroflouride solution, HF) consisting of 1.5M HF (49%):0.6M HCl 

was prepared under a ventilated hood by combining 1volume of concentrated hydrofluoric 

acid (49%), 1 volume of concentrated hydrochloric acid and 18 volume of distilled water. 

0.25 g of finely grinded sample was weighed into 50 ml (15 ml) plastic centrifuge tube and 5 

ml of extracting solution (HF) was added and shake for 1 hour at 120rpm. It was then allowed 

to stay overnight for better extraction. 20 ml of distilled water was added after which hand 

shaking was applied. The tube was allowed to stand for some time for the plant sample to 

settle down or centrifuge to enhance settlement. The supernatant was determination 

calorimetrically at 400 nm absorption. 

 

5.2.2 Modified Plant Silicon analysis method 

In order to explore any possible solution to overcome underestimated Si in rice husk we 

implored some modification on the initial plant Si analytical method by Saito et al. 2005.The 

method was the same with the initial plant silicon analytical method with a little modification 

on the shaking time (1 hour 10 min) and on speed resolution (150 rpm). 

 

5.2.3 Silicon determination method 

See section 3.2.3 in chapter 3 page 35. 
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5.3 Results and Discussion  

Table 5.1 showed the maximum amount of silica measured with both the original HF solution 

according to Saito et al. 2005 and a modified analytical method. They ranged from 13.2 to 

15.5 g kg-1 and from 11.8 to 14.6 g kg-1. The result showed that modification of the analytical 

method did not improve the amount of total silica extracted at all, although the shaking time 

and the speed were increased. 

  

Table 5.1: The total Si from rice husk biochar with the initial HF solution and the modified 

HF solution 

 

Biochar Initial method  Modified method 

                                  g kg-1 

RHB300 13.9 14.6 

RHB400 15.5 14.0 

RHB500 13.6 13.2 

RHB600 13.2 11.8 

RHB700 14.5 13.7 

 

 

We need to further increase the shaking time and the speed in order to examine the effect of 

modification in the shaking process. Although we could not find out any reason of the 

underestimation, it is worthy trying to adopt pre-treatment of the rice husk before extraction 

which could possibly enhance Si dissolution. According to Javed et al. 2008, treating rice 

husk with potassium permanganate (KMnO4) has not only reduced the cellulose contents of 

the rice husk but also has acted as an oxidizing agent in thermal degradation process and 

generated more amorphous silica. A pre-treatment to destruct the carbon structure of rice 

husk may enhance the dissolution of Si. We need further examination on this issue. 
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Chapter 6 

General Conclusion 

The study examined how changes in nutrient and elemental composition of rice husk and 

sugarcane bagasse at varying pyrolysis temperature can improve rice plant productivity and 

soil fertility under lowland rice cultivation. It also evaluated how specifically pyrolysis could 

enhance the silicon content in rice husk for the improvement of soil available silicon. In line 

with the objectives of this study the major findings are highlighted below. 

 Pyrolysis temperature impacts a significant change on the nutrient and elemental 

composition of the produced biochar (RHB and SBB). The result showed that biochar yield 

and total nitrogen decreased with increasing pyrolysis temperature while ash content, pH, EC, 

total carbon, extractable Ca, Mg, Na, available phosphorus and silica were increased. Also, 

RHB extractable K showed increase with increasing pyrolysis temperature, while in SBB it 

decreased. In all, it was observed that an increase in pyrolysis temperature leads to the 

generation of biochar with high nutrient content. Among the two biochars, RHB at high 

pyrolysis temperature produced nutrient rich biochar with high pH, EC, ash content, available 

silicon, phosphorus, extractable base cations for acidic soil amendment. 

 Pyrolysis temperature can improve the silicon (Si) availability in the rice husk residue. 

Its application on soil can improve the soil available Si as was observed in soil available Si 

post harvest effect. Also it was observed that application of rice husk biochar not only 

improved soil available Si but also enhanced Si uptake by rice plant. This is achieved through 

the cumulative Si release by the biochar throughout the cropping season and enhancement of 

available Si release from the soil through the effect of RHB on soil physicochemical 

properties. Hence, application of RHB as Si releasing agent to increase plant-available Si in 

the soils can improve rice plant health. 
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Pyrolysis temperature influences soil available nutrient as well as nutrient uptake by 

the rice plant but its effect showed no specific trend. The result also revealed that though 

RHB and SBB can be used as amendment; its efficacy cannot be generalized. This is because 

the chemical and the physical characteristics of biochar vary widely in the soil and their 

interaction on improving crop and soil productivity need to be uniquely evaluated. 

Finally, pyrolysis of agricultural waste biomass could be a promising method of 

improving the nutrient composition of the produced biochar. On aspect of silicon application 

for the improvement of rice productivity, pyrolysis of rice husk by controlling the heating 

temperatures is an effective way of improving rice husk as Si amendment. Thus, the use of 

pyrolyzed rice husk could be an alternative way to locally source Si in the absent of Si 

fertilizer which is environmental friendly for local farmers in the Sub-Saharan Africa. 

Therefore this method should be considered as a practical option for not just improving rice 

production but also a way to manage waste generated in agricultural sector. It is therefore 

necessary for the government to develop an innovative process, which can generate high 

temperature. This 

productivity and quality of the produced biochar. 
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Summary in English 

Rice is an increasing important crop in many countries in Sub-Saharan Africa (SSA) including 

Nigeria. This is because of all the staple crops; rice has risen to a position of preeminence due 

meet the demand, leading to considerable imports. Silicon (Si) has been proven by many 

researchers to be a beneficial element for rice but local farmers in SSA are not concern on the 

use of Si fertilizer despite the Si risk deficiency in the area. This may be attributed to the 

unawareness of farmers on the high demand of Si by rice plant. Aside from Si deficiency risk, 

soil degradation is also a major challenge facing local rice farmers in SSA. SSA soils are 

generally low in soil nutrient due to high organic matter mineralization. Application of 

fertilizers is recommended to tackle the challenges facing low rice production in SSA but the 

high cost of the fertilizers makes its application difficult for local farmers. To sustain rice 

production in SSA, there is need to research on alternative local source which are locally 

available and affordable. The conversion of wastes generated from agricultural produce into 

biochar and returning it to fields is a practical solution. This is a potentially valuable 

agricultural practice that can positively affect both the physical and chemical properties of the 

soil as well as enhance carbon sequestration into the soil. This waste conversion approach will 

benefit not only the agricultural sector but also play a very important role in handling 

environmental issues like waste management. 

This study examined change in the elemental composition of rice husk biochar (RHB) 

and sugarcane bagasse biochar (SBB) at varying pyrolysis temperature, with emphasis on 

evaluating the potentials of these biochars to improve the nutrient status of the soil as well as 

its uptake by rice plant. In this study, the rice husk and sugarcane bagasse, used were 

pyrolyzed at 300  700oC and 350  700oC for RHB and SBB using an experimental electric 

furnace, respectively. 
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In an exploratory study, the effect of pyrolysis temperature on two agricultural wastes 

was assessed. This was done to ascertain possible change in the elemental composition of the 

produced biochar that can improve rice plant growth and yield. The result reveals that 

pyrolysis temperature changes induce change in the elemental composition of the used 

agricultural waste biomass (rice husk (RH) and sugarcane bagasse (SB)). From the result, it 

was found that biochar yield and total nitrogen decreased significantly (p < 0.05) with 

increasing pyrolysis temperature. The biochar yield ranged from 55% at 300oC to 35% at 

700oC and from 27% at 350oC to 22% at 700oC with total nitrogen ranging from 4.9 g kg-1 to 

3.6 g kg-1 and from 6.0 g kg-1 to 3.8 g kg-1 as well in RHB and SBB, respectively. The ash 

content, pH, EC, total carbon, 1M ammonium acetate extractable (hereafter, extractable) Ca, 

Mg, Na, available phosphorus and Si were significantly (p < 0.05) increased with increasing 

pyrolysis temperature in both biochars (RHB and SBB). The maximum ash content (35.6%), 

pH (10.7), EC (0.40dS m-1), extractable Mg (29 mg kg-1), extractable Na (38 mg kg-1) and 

available phosphorus (1842 mg kg-1) were from RHB at 700oC while maximum extractable 

Ca (180 mg kg-1) was from SBB at 700oC. In RHB, extractable K increased significantly (p < 

0.05) with increasing pyrolysis temperature, while in SBB it decreased. In RHB, the 

increased in extractable K ranged from 165 to 684 mg kg-1 while the SBB extractable K 

decreased significantly from 396 to 251 mg kg-1. Among the three extractants (0.01M CaCl2, 

0.5M HCl and 0.1M citric acid) used for available Si, its maximum in 0.01M CaCl2 was 

observed in RHB at 700oC (3124 mg kg-1) while 0.5M HCl and 0.1M citric acid were from 

SBB (7262 mg kg-1 and 9313 mg kg-1) respectively at 700oC. In summary, an increase in 

pyrolysis temperature leads to the generation of biochar with high nutrient content. In all, 

RHB at high pyrolysis temperature may produce nutrient-rich biochar, with high pH, EC, ash 

content, extractable base cations, available Si and phosphorus. It could be an option to 
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increase Si availability through acid pre-treatment as the amount of Si extracted from biochar 

was higher in acid extraction. 

Subsequently in this study, a pot experiment was conducted in an experimental 

glasshouse. The pot experiment aimed at investigating how pyrolysis could enhance the Si 

availability in rice husk for the improvement of soil available Si. RHB pyrolyzed at varying 

temperature (300oC  700oC) was used for this experiment. The experiment units in the pot 

experiment were replicated into three and arranged in a complete randomized design. The 

result revealed that RHB could serve as a Si source as its effect on maintaining soil available 

Si remained after harvest. RHB at 400oC significantly (p < 0.05) increased the soil available 

Si by 61% compared to the original content (93.8 mg SiO2 pot-1) of the used soil. Also the 

application of RHB not only improve soil available Si but also improve Si uptake by rice 

plant. The cumulative amount of Si (soil available Si and the uptake by plant) ranged from 

1971.7 of the control to 2478.8 mg SiO2 pot-1 in RHB treatment. The increment in RHB 

treatments against the control ranged from 30.6 to 455.9 mg SiO2 pot-1. This increment is 

because of the cumulative Si release by the biochar throughout the cropping season and also 

enhancement of available Si release from the soil through the effect of RHB on soil 

physicochemical properties. In summary, the percentage Si release from treatments was much 

higher in RHB than RH treatments during the cropping season. Hence, the application of 

RHB as Si releasing agent to increase soil available Si will improve rice plant growth. The 

role RHB and SBB played in improving the soil fertility was also investigated in a pot 

experiment. The result revealed that even though RHB and SBB can be used as amendment; 

its efficacy could not be generalized. This is because the physical and chemical 

characteristics of biochar vary widely in the soil and their interaction with soils on improving 

crop and soil productivity need to be uniquely evaluated. 
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 Finally, based on the results obtained from this study, pyrolysis of agricultural waste 

biomass is one of the strategies of locally source alternative to silicate fertilizer as well as soil 

amendment. The present studies confirmed that increasing pyrolysis temperature changes the 

elemental composition of the agricultural waste biomass. It also affirms that the application 

of its products (biochar) can improve soil available Si and Si uptake in rice. Therefore, 

developing an innovative process, which can control the best pyrolysis temperature, would be 

a key factor for the local communities for optimum utilization of the produced biochar. 
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Summary in Japanese 
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